GlaxoSmithKline Biologicals has developed a prophylactic human papillomavirus (HPV) vaccine (Cervarix ® ) containing L1 proteins of HPV-16 and HPV-18 formulated with AS04 (comprised of aluminum hydroxide and 3-O-desacyl-4'-monophosphoryl lipid A). In clinical trials, the vaccine has been shown to have a clinically acceptable safety profile, 1 to elicit antibody titers that are well above those induced by natural HPV infection, 2 and to be efficacious against persistent
participants was 17.2 y with approximately one-third of subjects in each age stratum, and 97% of subjects were of Caucasian/ European ethnic heritage.
Overall, 730 (87%) and 734 (87%) subjects in the ATP immunogenicity cohort were seronegative at baseline for HPV-16 and HPV-18 antibodies, respectively (Table S1 ). Baseline serostatus by age stratum is also shown in Table S1 .
Immunogenicity. All subjects who were initially seronegative for HPV-16 and HPV-18 antibodies had seroconverted when assessed one month after the last vaccine dose (i.e., Month 3 in the 40/40F M0,2 group and Month 7 in the other groups). All subjects evaluated at Month 24 were still seropositive.
The primary immunogenicity objective was to evaluate the immune response to each 2-dose schedule compared with the licensed 3-dose regimen. The 3-dose regimen was considered to be superior to a 2-dose schedule if there was more than a 2-fold difference in the ratio of GMTs (i.e., the lower limit of the 95% confidence interval (CI) around the GMT ratio was <0.5). Differences in HPV- 16 and -18 GMTs between the four vaccine groups were evaluated for subjects who were seronegative at baseline using a 2-way analysis of variance (ANOVA) model, for each antibody separately. The group-by-age interaction term in this model was not significant at 10% for either antibody; therefore, comparisons of the licensed 3-dose schedule vs. each 2-dose schedule were made across all age strata combined. One month after the last vaccine dose and for both HPV-16 and HPV-18, the licensed 3-dose 20/20F M0,1,6 schedule was not superior to the 2-dose schedules, except for HPV-16 where it was superior to the 2-dose 40/40F M0,2 schedule ( Table 2) . GMTs elicited by each schedule/formulation, by age stratum, are shown in Table 3 for subjects who were seronegative at baseline.
A secondary objective was to assess sequentially for each age stratum (9-14 y, 15-19 y and 20-25 y) the non-inferiority of the 2-dose schedule groups, compared with the licensed 3-dose schedule in subjects aged 15-25 y in terms of HPV-16 and HPV-18 GMTs. Non-inferiority was demonstrated if the upper limit of the 95% CI for the GMT ratio between the licensed 3-dose schedule in subjects 15-25 y of age over the 2-dose schedule in each year age stratum was below 2. For the 9-14 y age stratum, non-inferiority was demonstrated one month after the last vaccine dose for both HPV-16 and HPV-18 GMTs for each of the 2-dose schedules, when compared with the licensed 3-dose schedule in subjects aged 15-25 y ( Table 4) . For the 15-19 y age stratum, and for both HPV-16 and HPV-18, non-inferiority was demonstrated one month after the last vaccine dose for each of the 2-dose schedules when compared with the licensed 3-dose schedule in subjects aged 15-25 y, except for the 40/40F M0,2 schedule for HPV-16 ( Table 4) . For the 20-25 y age stratum, non-inferiority was demonstrated one month after the last vaccine dose when compared with the licensed 3-dose schedule in subjects aged 15-25 y for the 40/40F M0,6 group but not the 20/20F M0,6 or 40/40F M0,2 groups for HPV-16 and for the 20/20F M0,6 and 40/40F M0,6 groups but not the 40/40F M0,2 group for HPV-18 (Table 4) .
of HPV-16 L1 protein virus-like particles (VLP) and 20 μg of HPV-18 L1 VLP.
There is no accepted immunological correlate of protection against persistent HPV infections or lesions. Antibody titers are generally used as a surrogate marker of protection in clinical trials, if it is not feasible to evaluate efficacy. For example, as efficacy studies cannot be conducted in young girls, the licensure of the HPV-16/18 AS04-adjuvanted vaccine in preteens/adolescents was based on immunological bridging studies with data from young women aged 15-25 y, as efficacy has previously been demonstrated in this age group. [2] [3] [4] [5] [6] These immunobridging studies showed that three doses of the HPV-16/18 AS04-adjuvanted vaccine in preteen/adolescent girls aged 10-14 y induced geometric mean antibody titers (GMTs), measured by ELISA, that were approximately 2-fold higher than those elicited in women aged 15-25 y. 7 The higher immunogenicity of the vaccine in young adolescents, along with logistical issues linked to the completion of a 3-dose vaccination course in this population, as well as potential cost savings, has prompted discussions about the evaluation of a 2-dose HPV vaccine schedule. The current trial was therefore designed to evaluate options for a 2-dose schedule, using either the currently licensed vaccine formulation [HPV-16/18 AS04-adjuvanted formulation containing 20 μg of each HPV antigen (referred to as 20/20F)], or an increased antigen dosage formulation that contained twice the amount of each HPV VLP (40 μg, referred to as 40/40F). The higher dosage formulation was investigated as an alternative to the licensed vaccine formulation, should the latter not induce an acceptable immune response on a 2-dose schedule. Both the licensed 20/20F and the alternative 40/40F were evaluated on a 2-dose schedule at M0,6; the 40/40F was also evaluated on a 2-dose schedule at M0,2.
The co-primary objectives of this trial were to evaluate the immunogenicity and reactogenicity of each 2-dose schedule compared with the licensed 3-dose regimen. Secondary objectives were to assess non-inferiority of GMTs for different age strata (9-14 y, 15-19 y and 20-25 y) for each 2-dose schedule, compared with the licensed 3-dose schedule in subjects aged 15-25 y (the age group in which efficacy was previously demonstrated in ref. [2] [3] [4] [5] [6] ; to evaluate the kinetics of antibody responses; and to evaluate safety.
Results

Trial population.
A total of 961 girls and young women were enrolled of whom 960 received at least one vaccine dose, representing the total vaccinated cohort (1 subject was excluded as she was not vaccinated) ( Fig. 1) . In total, 922 (96%) subjects completed the trial to Month 7 and 845 (88%) completed the Month 24 visit. No subject withdrew from the trial due to an adverse event (AE) or serious adverse event (SAE). The according-to-protocol (ATP) immunogenicity cohort included 843 (88%) subjects at Month 7 and 761 (79%) subjects at Month 24. Reasons for exclusion from ATP immunogenicity cohorts are shown in Figure 1 .
The four groups were comparable in terms of baseline demographics ( Table 1) . Overall, the mean age of vaccinated 20/20F M0,6 and 40/40F M0,6 vaccine groups for girls aged 9-14 y followed a similar pattern to those observed in the licensed 3-dose vaccine group for young women aged 15-25 y, i.e., after a peak response at Month 7, a parallel decline in antibody titers toward a plateau was observed (Fig. 2) . In the 40/40F M0,2 group, GMTs peaked at Month 3 and antibody For the 9-14 y age stratum, non-inferiority was also demonstrated at Month 24 for both HPV-16 and HPV-18 GMTs for the 20/20F M0,6 and 40/40F M0,6 groups, but not for the 40/40F M0,2 group, when compared with the licensed 3-dose schedule in subjects aged 15-25 y ( Table 4 ). The kinetics of antibodies against both HPV-16 and HPV-18 in the 2-dose was reported after 29% to 33% of doses, fatigue after 29% to 32% of doses and myalgia after 25% to 33% of doses.
The percentage of subjects reporting at least one unsolicited symptom was 45%, 32%, 35% and 35% in the 20/20F M0,1,6, 20/20F M0,6, 40/40F M0,6 and 40/40F M0,2 groups, respectively. The percentage of subjects reporting at least one grade 3 unsolicited symptom ranged from 3% to 6% across groups. The three most common unsolicited symptoms reported were nasopharyngitis (ranging from 4% to 6% across groups), headache (2% to 4%) and pharyngolaryngeal pain (1% to 4%). No deaths titers from Month 7 through Month 24 appeared lower than in other groups.
Reactogenicity and safety. Pain was the most frequently reported local solicited symptom in the 7-d post-vaccination period, reported after 81% to 86% of all doses across groups (Fig. 3) . Redness was reported after 33% to 41% of doses and swelling after 24% to 31% of doses. No urticaria or rash was observed within 30 min after any vaccine dose in the four groups. Headache, fatigue and myalgia were the most frequently reported general solicited symptoms in the 7-d post-vaccination period (Fig. 4) . Headache sD, standard deviation. *percentages are calculated out of number of subjects with serological data. aTp, according-to-protocol; cI, confidence interval; eU, eLIsa unit; GMT, geometric mean titer; LL/UL, lower and upper limits of the 95% confidence interval; N, number of evaluable seronegative subjects in the aTp immunogenicity cohort at Month 7; Na, not applicable (the 3-dose schedule was the reference GMT used in each pairwise comparison). *The GMT was adjusted on age strata . †
The licensed 3-dose schedule was considered to be superior to the 2-dose schedule if the lower limit of the 95% cI was less than 0.5 (2-fold difference).
‡ superiority of the 3-dose schedule was demonstrated over the 2-dose 40/40F M0,2 schedule.
SAEs led to the premature discontinuation of study vaccine and/ or withdrawal from the trial.
Medically-significant AEs and new onset autoimmune diseases were reported at a similar frequency across groups ( Table 5) .
were reported ( Table 5) . A total of 34 subjects reported 43 nonfatal SAEs through Month 24; none of the reported SAEs were considered related to vaccination by the investigator. No AEs or aTp, according-to-protocol; cI, confidence interval; eU, eLIsa unit; GMT, geometric mean titer; N, number of evaluable seronegative subjects in the aTp immunogenicity cohort at Month 7, or Month 24, respectively. aTp, according-to-protocol; cI, confidence interval; eU, eLIsa unit; GMT, geometric mean titer; LL/UL = lower and upper limits of the 95% confidence interval for the GMT ratio; N, number of evaluable seronegative subjects in the aTp immunogenicity cohort at Month 7, or Month 24, respectively; Na, not applicable (this was the reference GMT used in each non-inferiority assessment). *The 2-dose schedule in the specified age stratum was non-inferior to the licensed 3-dose schedule in women aged 15-25 years if the upper limit of the 95% cI for the GMT ratio was below 2.0 (2-fold difference). † The 2-dose schedule was demonstrated to be non-inferior to the 3-dose schedule in women aged 15-25 years.
Discussion
This is the first publication of the HPV-16/18 AS04-adjuvanted vaccine given as a 2-dose schedule. We showed that 2 doses of the HPV-16/18 AS04-adjuvanted vaccine administered to girls aged 9-14 y (the main population for organized HPV vaccination Reported new onset autoimmune diseases consisted of thyroid disorders and one case each of diabetes mellitus, celiac disease and reactive arthritis.
During the entire trial period through Month 24, 36 pregnancies were reported: 23 resulted in birth of a normal infant, 10 ended by elective termination, 2 resulted in a premature birth and the outcome of 1 was unknown. 40/40 formulation is currently not justified, as the 20/20F M0,6 formulation elicits an immune response in adolescents that is non-inferior to the 3-dose schedule in young women.
When antibody titers were considered within each age stratum, we observed that for 9-14 y-old girls, the licensed 3-dose schedule elicited an immune response that was generally higher than the one elicited with the 20/20F M0,6 schedule for HPV-16, but not for HPV-18. The clinical relevance of this observation is unknown, as titers elicited after 2 doses in girls aged 9-14 y were comparable to those elicited after 3 doses in young women, and these levels have been determined to be sufficient to confer protection. The observed differences in antibody titers could potentially affect the longevity of immune responses for 2-dose schedules, and long-term assessment of subjects will help to more fully elucidate the impact of this finding. This trial has now been extended to a follow-up period of 5 y following the start of the vaccination series to assess longevity.
A randomized trial comparing a 2-dose M0,6 and 3-dose M0,2,6 schedule of the HPV-6/11/16/18 vaccine (Gardasil ® , Merck and Co., Inc.,) also showed that HPV-16 and -18 antibody responses to the 2-dose schedule in adolescent girls were non-inferior to the 3-dose schedule in young women one month after the last vaccine dose, and at Month 24. 9 In the absence of an identified correlate of protection, and to put the immunogenicity results observed in this trial into context, the observed GMTs in the current study were retrospectively compared with other immunogenicity benchmarks, i.e., programs) elicited HPV-16 and -18 immune responses that were non-inferior to those elicited by the same vaccine given as a 3-dose schedule in young women aged 15-25 y (the age group in which efficacy has previously been demonstrated in clinical studies in ref. [2] [3] [4] [5] [6] ) one month after the last vaccine dose. Noninferiority was also shown at Month 24. All schedules and formulations tested had a clinically acceptable safety profile through Month 24, which was similar to that previously reported for this vaccine in other clinical trials. 1 Our trial also tested a formulation of the HPV-16/18 AS04-adjuvanted vaccine that contained a higher dosage of each HPV antigen (40/40 formulation). This increased antigen content formulation given over a 6-mo dosing interval (40/40F M0,6) induced similar antibody titers to the licensed 3-dose 20/20F M0,1,6 schedule and in girls aged 9-14 y, HPV-16 and -18 immune responses were non-inferior to those induced by the licensed 3-dose 20/20F M0,1,6 schedule in young women aged 15-25 y. The use of a shorter 2-mo dosing interval (40/40F M0,2), however, induced lower antibody titers than the other formulations. This 40/40F M0,2 schedule was non-inferior one month after the last vaccine dose when given to girls aged 9-14 y compared with the licensed 3-dose schedule in women aged 15-25 y, but did not achieve non-inferiority at Month 24. This suggests that the interval between vaccine doses is likely to be an important factor for the induction of immune response with a 2-dose formulation, as previously demonstrated for other vaccines such as hepatitis B. 8 Therefore, further development of the fact that it is a 3-dose series. Thus, an effective 2-dose schedule for adolescents could have important public health implications. In summary, the licensed vaccination schedule of the HPV-16/18 AS04-adjuvanted vaccine includes administration of 3 doses to be given at months 0, 1 and 6. Results from our trial indicate that a 2-dose schedule may be feasible in 9-14-y-olds as a potential alternative vaccination regimen. Further evaluation of a 2-dose schedule is needed, including confirmatory immunological non-inferiority studies in young adolescents.
Participants and Methods
Trial design and participants. This was a phase I/II, partiallyblind, controlled, randomized, age-stratified, parallel group trial designed to evaluate the immunogenicity and safety of the HPV-16/18 AS04-adjuvanted vaccine administered as a 2-dose schedule compared with the licensed 3-dose schedule. The trial was conducted at 21 centers in Canada and Germany between October 2007 and May 2010. The trial was approved by the appropriate Independent Ethics Committee for each center and was conducted according to the Declaration of Helsinki and Good Clinical Practice. The trial is registered with ClinicalTrials.gov (registration number NCT00541970). Participants below the legal age of consent signed and dated a written informed assent and written informed consent was obtained from their parents or legally acceptable representative prior to the performance of any trial specific procedures. Participants above the legal age of consent provided written informed consent themselves.
Healthy girls and young women aged 9 to 25 y at the time of first vaccination were eligible for the trial. Subjects of childbearing potential had to have used adequate contraception for 30 d prior to vaccination, have a negative pregnancy test, and continue contraceptive precautions for 2 mo after completion of the vaccination series. Subjects were excluded if they were pregnant or breast-feeding, had autoimmune disease or immunodeficiency, had received more than 14 d of immunosuppressants or immune-modifying drugs within 6 mo prior to the first vaccine the GMTs achieved in subjects who were able to clear a natural infection and mount an immune response, 3 and the GMTs achieved in vaccinated subjects in whom sustained protection has been shown up to 6.4 y after first vaccination (Fig. 2) . 2 In all vaccine groups, HPV-16 and HPV-18 antibody titers at Month 24 remained well above these benchmarks.
A limitation of our trial is that HPV-16/18 immune responses were assessed using ELISA, whereas preclinical data suggest that neutralizing antibodies are probably the primary mediator of protection. [10] [11] [12] [13] [14] [15] An excellent correlation between ELISA and the pseudovirion based neutralization assay was previously demonstrated during the clinical development of the HPV-16/18 vaccine, supporting the use of ELISA as the primary read-out in clinical trials. 16 Ultimately, measurement of neutralizing antibodies and their persistence over time would be valuable to better characterize the immune response induced by 2-dose schedules. Another limitation of our trial was the relatively small number of participants evaluated; the trial was designed to evaluate if it would be feasible to use a 2-dose schedule rather than the licensed 3-dose regimen, but findings require further evaluation in confirmatory trials. Finally, our trial only evaluated the 2-dose schedules in terms of immunogenicity and safety, and therefore efficacy can only be inferred. The efficacy of the HPV-16/18 AS04-adjuvanted vaccine has previously been evaluated in women who did not complete the 3-dose vaccination schedule in a large vaccine trial, and preliminary results showed the vaccine was still efficacious against one-year persistent HPV-16/18 infections in these women. 17 Experience from existing organized HPV vaccination programs has shown that administration of the 3-dose vaccination course to adolescents is challenging in countries that have not implemented school-based vaccination programs. For example, vaccination coverage data for 2010 from the US Centers for Disease Control and Prevention indicated that only half of surveyed females aged 13-17 y received at least one dose of HPV vaccine, and 30% of the teenagers who commenced the 3-dose series did not complete it. 18 There are a number of factors that might play an important role in HPV vaccine coverage, including the ae, adverse event; sae, serious adverse event. Medically significant condition = ae prompting emergency room or physician visits that was not related to common diseases. *Number (percentage) of subjects with at least one event. † Number of events. ‡ New onset autoimmune diseases (which excluded allergy-related events or isolated signs and symptoms) were identified by comparing all reported aes with a pre-defined list of potential chronic autoimmune events derived from the Medical Dictionary for Regulatory activities.
dose. Unsolicited AEs occurring within one month of each vaccine dose were documented by the investigator.
SAEs, other medically significant conditions (i.e., AEs prompting emergency room or physician visits that were not related to common diseases), new onset chronic diseases including new onset autoimmune diseases and pregnancies occurring through Month 24 were documented. Pregnancies were followed until delivery. New onset chronic diseases and new onset autoimmune diseases (potential autoimmune events, which excluded allergy-related events or isolated signs and symptoms) were identified by comparing all reported AEs with a pre-defined list of potential chronic diseases derived from the Medical Dictionary for Regulatory Activities, as described previously in reference 19 .
Outcomes. The co-primary objectives were to evaluate the immunogenicity of 2-dose schedules of the HPV-16/18 AS04-adjuvanted vaccine one month after the last active dose when administered at different dosages (20 or 40 μg of each HPV antigen) and on different schedules (0, 2-or 0, 6 mo) compared with the licensed 3-dose schedule, and to evaluate reactogenicity with respect to solicited local and general symptoms reported within 7 d after each and any vaccination.
Secondary objectives were to demonstrate non-inferiority of antibody responses to each 2-dose schedule in 9-14, 15-19 and 20-25 y age strata compared with the licensed 3-dose schedule in subjects aged 15-25 y (the age group in which efficacy was previously demonstrated in ref. [2] [3] [4] [5] [6] , one month after the last active dose of vaccine; to evaluate the kinetics of the antibody response to all dose schedules and dosages of the vaccine in each age stratum; and to evaluate the safety of the vaccine when administered at different dosages and on different schedules through Month 24.
An exploratory objective was to demonstrate non-inferiority of antibody responses at Month 24 to each 2-dose schedule of the HPV-16/18 vaccine in the 9-14 y age stratum as compared with the licensed 3-dose schedule in subjects aged 15-25 y.
Statistical methods. The total vaccinated cohort, for analysis of safety, included all subjects who received at least one dose of vaccine. The ATP cohort for analysis of immunogenicity included all evaluable subjects (i.e., those meeting all eligibility criteria, complying with the procedures defined in the protocol, with no elimination criteria during the trial) for whom data concerning immunogenicity endpoint measures were available. This included subjects for whom assay results were available for antibodies against at least one vaccine antigen component after vaccination. Analyses of HPV-16 and -18 immune responses were stratified by serostatus for the corresponding antigen at baseline.
For the primary immunogenicity objective, it was estimated that a target sample size of approximately 960 enrolled subjects (768 evaluable subjects assuming a non-evaluable rate of 20%) would allow the detection of a 2-fold difference between the four groups in terms of GMTs in initially seronegative subjects one month after the last active dose with at least 90% power (α = 0.025) for both HPV-16 and 18.
For the primary immunogenicity objective, a two-way ANOVA model was applied for HPV-16 and HPV-18 separately, dose, or had previously received HPV vaccine, AS04 adjuvant or 3-O-desacyl-4'-monophosphoryl lipid A.
Eligible subjects were randomized (1:1:1:1) and stratified by age (9-14, 15-19, 20- 40F M0,2) . The randomization list was computer-generated at GlaxoSmithKline Biologicals. Treatment allocation at the investigator site was performed using a central randomization call-in system on the internet; the randomization algorithm used a minimization procedure accounting for center and age (9-14, 15-19 and 20-25 y).
The trial was partially blinded within the 2-dose schedule groups (observers were blinded to group assignment) and open in the 3-dose schedule group. In the 2-dose schedule groups, a placebo was administered at Month 2 (Groups 20/20F M0,6 and 40/40F M0,6) or at Month 6 (Group 40/40F M0,2) to maintain blinding. Due to differences in the visual appearance of the two HPV formulations and the placebo, syringes were prepared and administered by qualified medical personnel not otherwise involved in the conduct of the trial or in the assessment of symptoms. Subjects were followed for 24 mo after first vaccination.
Vaccines. All vaccines used in this trial were developed and manufactured by GlaxoSmithKline Biologicals, Rixensart, Belgium. Each 0. Serologic evaluation. Blood samples for serologic evaluation were drawn prior to first vaccination (Month 0), at Month 3 (2-dose groups only), and at Months 7, 12, 18 and 24. Antibodies to HPV-16 and HPV-18 were measured by ELISA, as described previously in reference 16. Antibody concentrations greater than or equal to the lower limit of detection for each assay were prespecified to indicate seropositivity (≥8 ELISA units [EU]/mL for HPV-16 antibodies and ≥7 EU/mL for HPV-18 antibodies).
Safety evaluation. Solicited local symptoms (pain, redness or swelling at injection site) and general symptoms (fever, headache, fatigue, gastrointestinal symptoms, arthralgia, myalgia, rash or urticaria) occurring within 7 d after each vaccination were recorded by the subject or her parent/legally acceptable representative using a diary card. Investigators documented the presence or absence of urticaria/rash within 30 min after each vaccine Medical writing assistance: Julie Taylor (Peak Biomedical Ltd., UK, on behalf of GlaxoSmithKline Biologicals).
Manuscript co-ordination: Dirk Saerens (Keyrus Biopharma, Belgium, on behalf of GlaxoSmithKline Biologicals, Belgium). www.landesbioscience.com/journals/vaccines/article/18322 using titers (log 10 ) as the response variable. The model contained age, group and group-by-age interactions as fixed factors. The interaction term (group-by-age) was tested at 10%. It was prespecified that statistical analyses of pairwise comparisons for the licensed 3-dose schedule vs. each 2-dose schedule by age stratum would only be done if the group-by-age interaction term was significant at 10%. The group-by-age interaction term was not significant at 10% for either HPV-16 or HPV-18 responses; therefore, further estimations were drawn across all age strata combined, for initially seronegative subjects, using Dunnett's multiple comparisons for each 2-dose schedule compared with the licensed 3-dose schedule. The licensed 3-dose schedule was considered to be superior to a 2-dose schedule if the lower limit of the 95% CI for the ratio of GMTs (2-dose divided by 3-dose) was less than 0.5 (2-fold difference).
For secondary and exploratory immunogenicity objectives, for initially seronegative subjects, non-inferiority was demonstrated if the upper limit of the 95% CI for the GMT ratio between the licensed 3-dose schedule in subjects 15-25 y of age over the 2-dose schedule in each year age stratum was below 2. Comparisons were made sequentially starting with the 9-14 y age stratum, followed by the 15-19 y age stratum then the 20-25 y age stratum.
The percentage of subjects with solicited or unsolicited symptoms after each vaccine dose and overall was calculated with exact 95% CI.
Notes
Cervarix is a registered trade mark of the GlaxoSmithKline group of companies. Gardasil is a registered trade mark of Merck and Co., Inc.
